Neurite formation is a seminal event in the early development of neurons. However, little is known about the mechanisms by which neurons form neurites. F-BAR proteins function in sensing and inducing membrane curvature [1, 2] . Cdc42-interacting protein 4 (CIP4), a member of the F-BAR family, regulates endocytosis in a variety of cell types [3] [4] [5] [6] [7] [8] [9] . However, there is little data on how CIP4 functions in neurons [10, 11] . Here we show that CIP4 plays a novel role in neuronal development by inhibiting neurite formation. Remarkably, CIP4 exerts this effect not through endocytosis, but by producing lamellipodial protrusions. In primary cortical neurons CIP4 is concentrated specifically at the tips of extending lamellipodia and filopodia, instead of endosomes as in other cell types. Overexpression of CIP4 results in lamellipodial protrusions around the cell body, subsequently delaying neurite formation and enlarging growth cones. These effects depend on the F-BAR and SH3 domains of CIP4 and on its ability to multimerize. Conversely, cortical neurons from CIP4-null mice initiate neurites twice as fast as controls. This is the first study to demonstrate that an F-BAR protein functions differently in neuronal versus nonneuronal cells and induces lamellipodial protrusions instead of invaginations or filopodia-like structures.
Results and Discussion
CIP4 Is Expressed in Cortex Only during Early Development During brain development, neurons migrate to their final destinations with little process outgrowth. As they approach their final location in the brain, they extend a single axon, followed by multiple dendrites [12, 13] . In culture, cortical neurons undergo a stereotyped series of events whereby they first attach to the substrate and extend lamellipodia and filopodia (stage 1), which over time coalesce into several distinct neurites tipped by motile growth cones (stage 2). One of these neurites begins to extend rapidly to become the axon (stage 3), whereas the other neurites slowly develop into dendrites (stage 4) [14] . Several cytoskeletal proteins, including the actin-binding Ena/VASP family and microtubule-associated proteins (MAPs), have been shown to participate in filopodia and neurite formation [15] [16] [17] [18] [19] . In contrast, evidence for negative regulators of neurite formation remains scant. We hypothesized that there may be other proteins associated with the cytoskeleton that play opposing roles to Ena/VASP proteins and MAPs in neurite formation. Because filopodia are necessary for neurite formation [18] , we reasoned that proteins that favor lamellipodia formation may inhibit neurite formation.
The F-BAR (Fer/CIP4 homology [FCH] domain and BAR [Bin, Amphiphysin, RVS]) domain-containing proteins have emerged as important players in bridging the membrane and cytoskeleton [1, 20, 21] . The F-BAR domain forms a bananashaped dimer that adopts a more gentle curvature than BAR domain proteins [22, 23] . The concave side of the F-BAR region plays an important role in endocytosis by sensing and altering membrane curvature [24] . However, recent reports indicate that some members of the F-BAR proteins are capable of inducing filopodia [25] [26] [27] [28] [29] or filopodia-like structures [28] and can localize to lamellipodia [30] . However, there are few studies of CIP4 in neurons [10, 11] and no studies that suggest a function for CIP4 in this cell type. To test whether CIP4 has a role in the neuronal development, we first determined its expression in the cortex and dissociated cortical neurons. We found that CIP4 was expressed in mouse cortex prenatally but is dramatically downregulated at birth (Figure 1A) . Furthermore, in mouse cortical neurons cultured from E15.5 brains, CIP4 protein levels decreased sharply within the first few days in culture, as neurons extend neurites ( Figure 1B ). These data are consistent with CIP4 functioning specifically in the early development of the cortex.
CIP4 Is Localized to the Distal Lamellipodia and Filopodia in Cortical Neurons
Because none of the antibodies that we have tested to date reliably label endogenous CIP4 in cultured mouse cortical neurons by immunocytochemistry (data not shown), we expressed CIP4-EGFP and F-tractin, a peptide from the inositol triphosphate kinase A that binds F-actin specifically [31] , to determine its distribution and dynamics. Surprisingly, we found that CIP4-EGFP concentrated at the periphery of both stage 1 neurons (Figure 2A ) and cortical neuron growth cones ( Figure 1C ; Figure S1A available online; Movies S1 and S2). Rapid time-lapse imaging of living transfected neurons with total internal reflection fluorescence microscopy (TIRFM) confirmed that CIP4 concentrated at the periphery of extending lamellipodia (Figures 1D and 1F ; Movie S1) and filopodia (Figures S1B and S1D; Movie S2) but disappeared as the lamellipodia ( Figures 1E and 1F ) or filopodia (Figures S1C and S1D) paused and retracted. This distribution of CIP4 in cortical neurons was quite surprising given that previous studies in nonneuronal cells showed CIP4 concentrated on tubulovesicular structures in the cytoplasm of cells [3] [4] [5] [6] [7] [8] [9] 32] .
CIP4 Localizes to Different Structures in Cortical Neurons and COS7 Cells
To determine whether the distribution of CIP4 in cortical neurons was unique, we transfected the same fusion construct (CIP4-EGFP) into COS7 cells, which have been used to study *Correspondence: ewdent@wisc.edu CIP4 previously [5, 32] . Remarkably, CIP4-EGFP segregated to entirely different regions of neurons and COS7 cells. In stage 1 cortical neurons (Figure 2A ; Movie S3), CIP4 concentrated at the periphery of the lamellipodium and was dynamically associated with extending lamellipodia ( Figure 2B ; Movie S3). Line scans perpendicular to the lamellipodium revealed that most of the CIP4 was concentrated within one micron of the periphery (Figures 2C and 2D) . Conversely, CIP4 strongly labeled tubulovesicular structures in the interior of COS7 cells (Figures 2E and 2F ; Movie S4), consistent with previous experiments in these cells [5] . CIP4 also dynamically associated with these structures, but they rarely extended into the periphery of the cell ( Figures 2G and 2H) . Thus, CIP4 localizes to distinct structures in neurons and COS7 cells. In neurons CIP4 is associated with peripheral protrusions, whereas in COS7 cells CIP4 is localized to tubulovesicular structures in the cytoplasm.
We also discovered that CIP4 was capable of concentrating at either convex or concave protrusions in stage 1 neurons (Figures S2A-S2C ) and stage 3 axonal growth cones (data not shown). Quantification showed that CIP4-EGFP-positive protrusions included approximately 40% convex and 60% concave protrusions, which is consistent with a previous study of growth cone protrusion shape [33] . These data indicate that although CIP4 usually associates with concave membrane protrusions, it can also associate with convex protrusions in cortical neurons. 
CIP4 Does Not Localize to Endocytic Structures in Cortical Neurons
To our knowledge no study has demonstrated endocytosis at the tips of extending lamellipodia and filopodia. However, we do note that CIP4 puncta near the cell periphery can be transported retrogradely ( Figures S2D and  S2E ). The vast majority of these CIP4 puncta (94.4% 6 1.4%, n = 205 puncta, 3 neurons) move at the same rate as actin retrograde flow, indicating that they are probably associated with actin filaments that continuously undergo flow from peripheral to central regions of cells.
To determine whether CIP4 was associated with endocytic vesicles, we transfected COS7 cells and cortical neurons with CIP4-EGFP and either DsRedclathrin or mCherry-Rab5, two proteins known to associate with endocytic vesicles [34, 35] , and imaged them with TIRFM. In COS7 cells, CIP4 colocalizes with clathrin (23.5% fluorescent overlap) and Rab5 (27.4% fluorescent overlap), consistent with a previous study [5] . In contrast, in stage 1 cortical neurons, we observed very little overlap of CIP4 and clathrin (2.7%) or Rab5 (2.1%) ( Figures S2F-S2P ). Therefore, in cortical neurons, it appears that CIP4 does not have a prominent role in endocytosis, because we do not detect colocalization of CIP4 with either clathrin or Rab5 in space or time. Rather, CIP4 appears to be functioning primarily in protrusive activity at the plasma membrane.
CIP4 Inhibits Neurite Formation by Inducing Lamellipodial Protrusions
To determine the function of CIP4 in neuronal development, we cultured neurons from homozygous CIP4 knockout mice [3] . Western blots from cortical lysates confirmed that the deletion of CIP4 protein did not change the levels of the other CIP4 family members, FBP17 and Toca-1 (data not shown), indicating that any defects were due to CIP4 specifically. Strikingly, CIP4-null cortical neurons formed neurites precociously compared to neurons from wild-type littermates ( Figure 3A) . Indeed, CIP4-null neurons advanced to stage 2 ( Figure 3B ) twice as fast as controls ( Figure 3C ). Because CIP4-null neurons were specifically precocious in forming neurites (stage 1-2 transition) but not polarization (stage 2-3 transition) ( Figure 3D ), CIP4 appears to act distinctly at the stage when neurons form neurites, but not during the transition from a neurite to an axon. However, in contrast to Ena/ VASP proteins which are necessary for neurite formation [18, 19] , CIP4 expression inhibits neuritogenesis. These data are also consistent with our data showing rapid downregulation of CIP4 during prenatal development ( Figure 1A) , a period of rapid axon outgrowth.
If CIP4 is a negative regulator of neuritogenesis, CIP4-null neurons should extend longer axons than wild-type littermate controls. This was indeed the case, with CIP4-null cortical neurons extending axons 1.5 times longer than controls at 1 day in vitro (1 DIV) ( Figures 3E and 3F) . Importantly, the increase in axon length can be rescued by expressing GFP-CIP4 in CIP4-null neurons ( Figures 3E and 3F) . However, when we measured the instantaneous axon extension rate of stage 3 CIP4-null neurons over shorter time courses, we discovered that they extended axons at the same rate as wild-type controls ( Figure 3G ). Therefore, CIP4 deletion does not change the instantaneous speed of axon outgrowth. Rather, CIP4-null neurons form neurites and therefore axons more rapidly than controls, giving them a ''head start,'' resulting in significantly longer axons at early times in culture.
Based on these results, overexpression of CIP4 should inhibit neurite formation and subsequently decrease axon length. Consistent with the results obtained by knockout of CIP4, GFP-CIP4-expressing neurons developed shorter axons (77.7 6 5.1 mm, n = 38 neurons) compared to GFP-transfected controls after 2 DIV (117.9 6 12.8 mm, n = 30 neurons) (p < 0.01, Student's t test with Welch's correction). However, the instantaneous rate of axon outgrowth did not differ between GFP-transfected (5.3 6 0.9 mm/hr, n = 6 neurons) and GFP-CIP4-transfected (4.5 6 0.9 mm/hr, n = 5 neurons) neurons. These data indicate that CIP4 overexpression inhibits neurite formation, resulting in shorter axons without affecting instantaneous axon outgrowth rates. Thus, neither removal nor overexpression of CIP4 had any effect on instantaneous axon outgrowth rate but resulted in longer or shorter axons, respectively, at early times in culture because of its effects on neurite formation.
In contrast to CIP4 depletion results, overexpression of CIP4 markedly reduced the number of neurons progressing from stage 1 to stage 2, with half still in stage 1 after 48 hr in culture ( Figures 4A and 4B ). Note that cortical neurons overexpressing myc-CIP4 displayed the same distribution of protein and phenotype as CIP4-EGFP-overexpressing neurons ( Figures 4A and 4E [FL-CIP4] and Figure 2A) , indicating the fidelity of the CIP4 localization and dynamics described above. In addition, the CIP4-EGFP construct was as efficient at inducing this phenotype as the myc-CIP4 construct (Figure 4B) , suggesting that the addition of EGFP does not disrupt CIP4 function. Interestingly, morphological analysis of stage 1 cortical neurons showed that overexpression of CIP4 resulted in almost three times fewer filopodia, but many more actin ''ribs,'' defined as bundled actin structures within the lamellipodium that do not protrude more than 1 mm past the cell periphery ( Figures  4C and 4D) . CIP4-overexpressing neurons also showed large lamellipodial protrusions around the cell body. However, the total peripheral area of CIP4-overexpressing neurons was not significantly different from control neurons (Figures 4C and  4D ). CIP4-null neurons, on the other hand, developed significantly more filopodia compared to control neurons. Thus, CIP4 promoted polymerization of actin filaments between filopodia (veils), which resulted in a fewer filopodia, larger lamellipodial area, and more actin ribs. Although we have specifically defined actin ribs for purposes of quantification, it is important to point out that actin ribs and filopodial actin bundles are interconvertible structures that depend on how far the actin-based veils extend between filopodia or conversely how far filopodia protrude (see Figure S3G , left box).
Because the coordination of actin filament and microtubule dynamics is crucial for neuritogenesis [18] , we examined whether CIP4 overexpression affects microtubules in stage 1 neurons. We found that dynamic (tyrosinated) microtubules were excluded from the periphery of CIP4-overexpressing stage 1 neurons as measured by the distance of dynamic microtubules from the peripheral membrane (control: 0.7 6 0.1 mm, n = 6 cells; CIP4-overexpressing neurons: 2.9 6 0.4 mm, n = 11 cells). However, the relative number and length of dynamic microtubules per unit area was not diminished significantly (data not shown). These results suggest that the increased actin network in the veils and ribs inhibits microtubule extension into the periphery and subsequent actin/ microtubule interactions required for neurite formation [18] .
CIP4 Overexpression Induces Veil Extension in Growth Cones
Because a portion of CIP4-overexpessing neurons did progress to stage 3, we investigated the effect of CIP4 expression on growth cone morphology. We found that stage 3 neurons overexpressing CIP4 possessed larger axonal growth cones ( Figures S3A and S3B) , which contained fewer filopodia (Figure S3C) , excessive actin ribs ( Figure S3D ), and lamellipodial width ( Figure S3E ), but a similar peripheral area ( Figure S3F ). These findings are entirely consistent with our results in CIP4-overexpressing stage 1 neurons (Figure 4) . Thus, overexpression of CIP4 appears to increase veil protrusion in growth cones as well, resulting in larger lamellipodia with more actin ribs, but fewer filopodia.
The F-BAR and SH3 Domains and Multimerization of CIP4 Are Required for Targeting to the Protruding Membrane and Inducing Lamellipodia If CIP4 is functioning at the plasma membrane to induce protrusion in neurons, we would predict that removing it from the membrane would abolish the increase in lamellipodial veil extension (and therefore the decrease in filopodia) seen in CIP4-overexpressing neurons. The FCH and F-BAR (FCH with coil-coil domain) domains of CIP4 are required for membrane tubulation in nonneuronal cells [1] . Interestingly, deletion of either FCH or F-BAR domain prevented CIP4 from concentrating at the periphery of stage 1 neurons and markedly inhibited the effect of CIP4 to induce veil-like lamellipodial protrusions (measured as number of filopodia per unit perimeter) (Figures 4E-4G ). In addition to membrane binding, the ability of CIP4 to induce lamellipodia also depended on its ability to induce actin polymerization. The SH3 domain of F-BAR proteins has been shown to interact with actin-associated proteins (e.g., N-WASP and DAAM1) and induce actin polymerization [36, 37] . Interestingly, transfection of the F-BAR alone or CIP4 lacking the SH3 domain also failed to concentrate CIP4 at the plasma membrane and induce lamellipodial protrusions in neurons (Figures 4E-4G ). In contrast, after deletion of the HR1 domain, CIP4 still concentrated at the plasma membrane and induced lamellipodial protrusions although to a lesser extent than the full-length CIP4 (Figures 4E-4G ). These data indicate that CIP4 requires both the F-BAR membranebinding domain and the SH3 actin-associated protein-binding domain to concentrate at the peripheral plasma membrane and induce veil-like lamellipodial protrusions. Moreover, these two domains are also required for the effect of CIP4 on neurite formation because expression of DF-BAR and F-BAR alone fail to rescue the longer axon phenotype of neurons from CIP4 knockout mice as the full-length CIP4 construct does (WT, 92.2 6 1.9; CIP4 (2/2) , 137.9 6 2.3 mm; CIP4 Multimerization of F-BAR dimers has been shown to be important for tubule formation in nonneuronal cells as well [22, 23] . Replacing F276 in the F-BAR domain of CIP4 with a negatively charged residue (F276D) disrupted CIP4 multimerization and potently inhibited tubule formation in COS7 cells [22] . Strikingly, this same point mutation also abolished localization of CIP4 to the leading edge of stage 1 neurons ( Figure 4H ) and increased the number of filopodia to control levels ( Figure 4I ). These results suggest that the F-BAR/SH3 domains and multimerization are required for CIP4 to function in both tubule formation in COS7 cells and lamellar protrusion in neurons, indicating some conservation of function in both processes.
Conclusions
Together these data are the first to suggest a function for the F-BAR protein CIP4 in neuronal development. We show that CIP4 plays a unique role as a negative regulator of neurite formation by inducing lamellipodial and veil-like protrusions. This is also the first study to document that an F-BAR protein localizes to both convex and concave lamellipodial protrusions. Although many recent studies suggest that CIP4 is primarily involved in endocytosis, our results demonstrate strikingly that CIP4 plays an unconventional role in cortical neurons by inducing lamellipodial protrusions through alteration of actin filament structures. One possibility is that CIP4 is differentially regulated in cortical neurons and COS7 cells, possibly through phosphorylation [38] . It is also likely that cortical neurons and COS7 cells express unique proteins and/or lipids that could differentially target CIP4 to tubulovesiclular structures versus protruding plasma membrane. Further studies will be required to test these hypotheses.
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